Devices that directly capture and store solar energy have the potential to significantly increase the share of energy from intermittent renewable sources. Photo-electrochemical solar-hydrogen generators could become an important contributor, as these devices can convert solar energy into fuels that can be used throughout all sectors of energy. Rather than focusing on scientific achievement on the component level, this article reviews aspects of overall component integration in photo-electrochemical water-splitting devices that ultimately can lead to deployable devices. Throughout the article, three generalized categories of devices are considered with different levels of integration and spanning the range of complete integration by one-material photo-electrochemical approaches to complete decoupling by photovoltaics and electrolyzer devices. By using this generalized framework, we describe the physical aspects, device requirements, and practical implications involved with developing practical photo-electrochemical water-splitting devices. Aspects reviewed include macroscopic coupled multiphysics device models, physical device demonstrations, and economic and life cycle assessments, providing the grounds to draw conclusions on the overall technological outlook. 
INTRODUCTION
Solar energy provides a renewable and clean energy source with an exhaustive but untapped potential, which can significantly contribute to a renewable energy future. The solar energy potential exceeds the potential of all other renewable energy sources combined and is substantially larger than the current global energy demand (1) . For example, solar energy delivers the earth's ultimate recoverable oil resource in just 1.5 days. Covering only 0.1% of the earth surface, e.g., in the Saharan region, with 10% efficiency solar energy conversion devices would provide enough energy to satisfy the current global energy demand.
A variety of approaches exist to directly convert solar energy into chemical energy and possibly into a storable, high-energy density fuel, such as hydrogen. These approaches include hightemperature solar thermochemistry by water-splitting redox cycles (2, 3) , photo-electrochemistry and photocatalysis (4-7), solar biomass gasification processes (8, 9) , and photobiology via photosynthetic processes (10) . Only by implementing sustainable, efficient, stable, and economically viable solar devices and their assemblies in large-scale systems can a substantial impact on our fuel economy be achieved (11) (12) (13) (14) . Whereas biological photosynthesis systems, i.e., plants, show annually averaged efficiencies (defined as the heat of combustion of the accumulated biomass divided by the solar irradiation) in the range of 1% (10) , demonstrated efficiencies of artificial or technical systems are in the range of 1-2% for thermochemical water and CO 2 splitting by redox cycles (3, 15, 16) , up to 18% for photo-electrochemical (PEC) water splitting (17) (18) (19) , and 20-30% for solar biomass steam gasification for the production of synthesis gas (8) . The latter requires the input of an additional, potentially nonabundant fuel (biomass). Solar-driven thermochemical approaches use concentrated solar radiation as the process heat to drive high-temperature thermochemical reactions. Throughout this review, photo-electrochemical approaches are considered to be the family of processes that use photon energy to generate charge carriers in a semiconductor, which are used to drive the electrochemical reactions; these processes include but are not limited to solar-chemical transformation in photocatalytic materials. Economically, solar-driven thermochemical water splitting and PEC water electrolysis are projected to lead to similar levelized costs of hydrogen (20) (21) (22) . The power of the demonstrated thermochemical water-and CO 2 -splitting systems is usually in the range of 1-10 kW, with a few demonstration projects in the 100-kW range (23) , and can remain operationally stable over many days and hundreds of cycles (15) . The PEC reactors, however, are laboratory-scale demonstrations in the range of 0.1-1 W and operate stably for only hours (24, 25) . One possible reason for the technologically less-advanced, smaller-scale, and less-stable status of current PEC water-splitting demonstrations, compared with thermochemical demonstrations (despite similar research history and acknowledging the different research challenges), is the limited number of investigations focusing on complete PEC devices and integration of the various components in a working prototype. The realization of such devices is challenging, as it requires the integration of suitable photoabsorbers, charge generators, and electrocatalysts, which must be embedded in or interconnected by conducting phases (both ionic and electronic), while ensuring product separation. The individual performance of these coupled device components greatly influences the performance of the integrated reactor (17, (25) (26) (27) , largely depending on the design and operational conditions (28, 29) , which must function in compatible conditions throughout the device.
In this review we focus on integrating aspects of PEC devices, considering and discussing three possible device configurations for approaching PEC fuel processing with different integration levels: (a) one-material approaches using catalytically active solar absorbers with semiconductorelectrolyte junctions for charge separation, (b) integrated photoabsorber and catalysis approaches using thin, nonabsorbing, and conducting protection layers at the semiconductor-electrolyte interface connected to the catalytic sites, and (c) decoupled and externally wired photovoltaics (PV) plus electrolyzer devices. These three device types span the full range of PEC solar fuel processes, from integrated one-material approaches to completely separated processes, such as externally wired PV plus electrolyzer systems.
DEVICE CONFIGURATION CHARACTERIZATION
Since the inception of the concept of PEC solar-water splitting more than 40 years ago, several attempts to demonstrate functioning solar-fuel devices have been made (17, 19, (24) (25) (26) (30) (31) (32) (33) (34) (35) (36) . But to a large extent, the problem of building practical systems remains unsolved owing to their complex and simultaneously desired characteristics: (a) continuous, efficient, and stable productions of fuel under illumination; (b) long lifetimes; (c) economic viability; (d ) scalability of components (earth-abundance of materials can become a significant challenge for systems to reach the required terawatt scale); (e) net energy surplus over the device life cycle; and ( f ) operation under safe and environmentally benign conditions. To date, no single device has demonstrated all of these characteristics. The simplest conception of a solar-fuel generator requires light-absorption components, materials for the oxidation and reduction of the feed streams and fuel processing, an electrolyte to allow ionic species to migrate between redox reaction sites, and a separation mechanism for the generated fuel. Based on these fundamental requirements, different components can be selected for the fabrication of devices, and their required performance characteristics and arrangement should be guided by design rules from computational modeling, device experimentation, technoeconomic considerations, and life cycle analyses (LCA). Recently, Jacobsson et al. (37) described the space of possible device configurations for solar-fuel production, going from fully integrated PECs to fully decoupled PV panels and distributed electrolyzers connected to the electrical grid. The description presented in their analysis is worth highlighting, as the fundamental aspects and net inputs (sunlight and feed reactants), as well as outputs (fuel and byproducts), are virtually the same, even if different device configurations might require the addition of peripheral components (e.g., current invertors, wires for electrical connections, encapsulation components). Figure 1 presents a generalized scheme of the physical processes and components involved in a solar-hydrogen PEC device and the corresponding three major device configurations with different levels of component integration.
Throughout this review, we refer to PEC devices as those devices in which the electrochemical water-splitting reactions take place directly on the photoabsorber, i.e., the semiconductor, and at the semiconductor-electrolyte interface. The semiconductor-electrolyte interface is simultaneously used for the separation of photo-induced charge carrier pairs, and the charge carriers must cross this interface. For PEC devices, the choice of a suitable single-semiconductor material simultaneously working as an efficient, earth-abundant, and inexpensive photoabsorber, a charge separator, and a selective water-splitting catalyst while being able to operate stably both in the dark and under illumination in a possibly highly corrosive environment has proven to be difficult (38).
Consequently, the idea of using multiple materials to conduct the individual functions has recently become more popular. The second group of devices discussed in this review incorporate a thin nonabsorbing and conducting protection layer that is applied on the photoabsorber, i.e., at the semiconductor-electrolyte interface. These devices are referred to as photo-electrochemical devices throughout the review.
The protecting layer can serve as a charge transfer layer between the photoabsorber and the catalytic sites or could be composed of a conformal coating of stable electrocatalyst. Effectively, in these device approaches, radiation absorption and catalysis are separated and performed by two different materials. The advantage of distributing the absorption and catalysis functions to two different materials relaxes the material requirements and simultaneously allows for the protection of the photoabsorber, but at the expense of additional charge transport processes (and corresponding losses). Additionally, depending on the thickness of this protective layer, the semiconductor-liquid junction may be virtually suppressed, requiring an alternative method for charge separation, such as traditional solid-state semiconductor junctions (basic components in current photovoltaic technology), resulting in a so-called buried junction device type (4). The solid-liquid junctions show potential advantages over solid-solid junctions because the surface recombination and charge extraction can be altered by chemical reactions (39) . Nevertheless, solid-state junctions are very efficient at charge separation. Lastly, the externally wired PV plus electrolyzer device approach describes a group of devices in which the photoabsorber is not surrounded by the electrolyte but is physically separated from the reaction centers. In this case, the charge carriers can be transported over significant distances before arriving at the catalytic sites (e.g., through electrical wires). The catalytic sites are in direct contact with the electrolyte and carry out the water-splitting reactions. These device approaches provide pathways for an individual optimization of the components using power electronics for the coupling. Additionally, they provide the possibility for a very flexible device approach, as alternative renewable electricity (e.g., wind), according to availability and price, can be used to drive the electrolysis component. Schematic of the various physical phenomena and their coupling taking place in a photo-electrochemical (PEC) device. The arrows indicate the two-way coupling between the different physical phenomena owing to exchange of variables (e.g., velocities, temperatures) and material properties' dependence on different variables (e.g., temperature). The colors indicated correspond to the components in which each of the phenomena takes place, as depicted in Figure 1 : photoabsorber (violet), catalysts (orange and green), ion conductor ( grey and light blue), and educt delivery and product evacuation components ( yellow).
PHYSICAL PROCESSES OCCURRING IN PRACTICAL PHOTO-ELECTROCHEMICAL SOLAR-FUEL DEVICES
The physical phenomena taking place in a PEC device (summarized above) are schematically shown in Figure 2 and can be described by electromagnetic wave propagation and radiation absorption, charge generation, charge transport (including transport across interfaces) and separation, electrochemical reactions (heterogeneous catalysis), mass transport and fluid flow (reactant transport, ionic transport, product separation), and heat transfer. These phenomena are strongly coupled, attesting to the complexity of modeling such devices.
Electromagnetic Wave Propagation, Radiation Absorption, and Charge Generation
The electromagnetic waves, i.e., the solar radiation, incident on a PEC device must be absorbed by the semiconductor material to provide energy to the device. The spectrum of the incident solar radiation resembles the spectrum of a black body radiating at 5,800 K, with approximately 25% of the energy incident at wavelengths below 500 nm. PEC devices use photon-absorbing semiconductors, which generate electron-hole pairs upon irradiation by photons with energies larger than the band gap energy of the semiconductor. The propagation of the electromagnetic wave toward and within the semiconductor material(s) is described by Maxwell's equations, in which the spectral absolute permittivity and the spectral permeability characterize the medium's influence on the electric and magnetic field (40) . The electric and magnetic field describe the spectral, time-averaged energy density vector (the so-called Poynting vector) within the semiconductor. The spatial variation in the Poynting vector quantifies the absorbed energy, and the integration over all wavelengths provides the rate of the charge carrier pair density generation. Macroscopically, the absorption behavior of radiation in semiconductor materials can be simplified to the Beer-Lambert law (41) , formally a solution to the Maxwell equations for planar layers of homogeneous media (42, 43). The change in intensity is described by an exponential decrease in the irradiation intensity, and the (spectral) absorption coefficient characterizes the typical absorption length. The Beer-Lambert law allows for a simpler and more straightforward calculation of the charge generation term but is unable to accurately quantify the absorbed radiation in nonplanar, nanometer-or micrometer-sized structured photoabsorbers.
Charge Transport
The generated charge carrier pairs (holes and electrons) will be transported within the semiconductor material encountering an electric field, concentration gradients, or temperature gradients. The distribution of the charge carriers must fulfill the charge conservation equations in which the change in carrier concentration is balanced by generation and recombination (e.g., radiative, Auger, or Shockley-Read-Hall recombination) and a transient term. The carrier distribution can be used to calculate the electric field and the potential in the semiconductor material.
The generated charge carrier pairs must be separated. In PEC processes using electrodes with dimensions larger than the typical space charge layer thickness, an electric field is the primary force for the charge separation. This electric field is induced at the solid-liquid interface (semiconductor-electrolyte), where the equilibration of the Fermi level and the solution redox potential in the semiconductor and electrolyte, respectively, results in band bending and subsequent development of a space charge layer. The electron-hole pairs will likely be separated if they are generated within the space charge layer, or if the typical distance to the space charge layer is smaller than the diffusion length. The separated minority carriers, i.e., electrons in p-type semiconductors or holes in n-type semiconductors, promote subsequent cathodic or anodic electrochemical processes at the interface if the conduction band is more negative than the oxidation reaction potential or the valence band is more positive than the reduction potential, respectively. If the carrier diffusion length is larger than the typical distance to the collector, the majority carriers are drawn toward the bulk of the semiconductor and are collected at the semiconductor-metal junctions (Schottky or Ohmic contacts), where they are provided to the counter electrode. The potential of the charge carriers at the counter electrode is the same as the Fermi level of the photoelectrode under photoexcitation. The dark counter electrode can be externally biased, or alternatively, a photoactive counter electrode can be used to ensure a matching potential level for the corresponding half-reaction.
For a semiconductor covered by a thick protection layer, the band bending of the semiconductor at the interface is not exhibited. Instead, traditional but buried solid-state junctions are usually introduced for the charge separation. Similarly, for the externally wired PV-plus-electrolyzer device approach, solid state junctions are usually incorporated in the PV. An exception to this is found in dye-sensitized solar cells, in which buried semiconductor-liquid junctions are used for charge separation (26) .
Interface and Electrochemical Reaction
Most challenging for the charge transport investigations are the interface behavior and the characterization and quantification of the kinetic constants for the interfacial charge transfer. In PEC device configurations, the catalytic sites are at the semiconductor-liquid interface, and advanced theories on illuminated semiconductor-liquid interfaces are required to describe the interfacial chemistry and kinetics (44) . For the simpler case when the semiconductor-liquid junction is decoupled from the catalytic site, we instead use a conductor with or as a catalyst to enhance the electrochemical reactions. These catalysts facilitate the electrochemical reaction by enhancing the surface kinetics. The traditional Butler-Volmer-type reaction current description can be used for metallic electrodes (45) . Additionally, the catalysts are often metals, building an electron or hole trap while providing barriers for the recombination of the charge carrier and, consequently, enhancing the charge carrier separation.
Mass Transport and Fluid Flow
The electrochemical reaction at the interface provides a source term for species transport equations, such as ions or product species. The ions produced in the corresponding half reaction must be transported to the counter electrode, and the produced species (hydrogen and oxygen) must be separated and evacuated. The ion transport in liquid or polymeric electrolytes is usually described by the Nernst-Plank equation, which includes diffusion, convection, and migration terms (46) . To minimize the transport losses, electrolytes with large conductivities and device designs that minimize ion transport path lengths are desired. The former is achieved by using highly acidic or basic liquid electrolytes, or by the addition of supporting electrolytes. Supporting electrolytes impose an additional challenge, namely, the buildup of supporting electrolyte ion concentration gradients, introducing additional, detrimental potential losses to a device. Engineering solutions can help to overcome some of these challenges (24) . Short ion transport path lengths can be achieved by reducing the device size, e.g., by using microfluidic devices or micrometer-sized multifunctional membranes, such as nanowires embedded in polymeric electrolytes.
The products of the electrochemical reaction, e.g., oxygen and hydrogen, must be produced at spatially separated locations and separated by an ion-conducting and species-impermeable (diffusion and convection) component-the separator-in order to circumvent recombination reactions (lowering the product yield and efficiency) and prevent the buildup of an explosive product mixture. Separation also must be considered for products that are soluble in the electrolyte, which is often the case for PEC processes, as the operating current densities are small, comparable to the diffusion rate of dissolved species. Once local saturation or supersaturation of the solution is reached, the products will evolve in the gas phase, additionally influencing the reactor performance (e.g., scattering of the incident radiation, reduction of electrolyte conductivity, blocking of reaction sites, and introduction of convective streams). Nevertheless, the bubbles can be extracted from the system and, if this is done fast enough, can limit product crossover.
For the complete solution of the Nernst-Plank equation (including the convection term), a velocity vector field in the device will be needed, requiring the solution of the corresponding mass and momentum conservation equations (47, 48) . This can introduce additional difficulties if the device is operated in a turbulence flow regime requiring turbulence modeling.
Heat Transfer
The resistive and magnetic losses in the photoabsorber, Joule heating in the conductors, and the reaction heat of the electrochemical reaction will contribute to a heat source term, which will be required for the solution of the energy conservation equation. Interestingly, the operating temperature will influence the performance of the photoabsorber, the electrochemical reaction, and the mass transfer in the device. These effects are inversely influenced by temperature and result in a tradeoff in performance.
The one-material device approach makes it difficult to gain from the positive temperature effect on the chemical reaction, as the photoabsorber is simultaneously also the catalyst, and consequently temperature separation for the different functions is not possible. For the device approaches with separated absorber materials and catalysts, smart temperature management can be used to profit from the enhanced semiconductor performance at lower temperatures and the enhanced reaction and mass transport at higher temperatures (29, 49) .
www.annualreviews.org • Solar-Hydrogen Generation

DESIGN GUIDELINES FROM MULTIPHYSICS COMPUTATIONAL MODELS
As for any other device design and engineering challenge, modeling can significantly support the design and optimization of the reactor at a reduced cost and faster pace. In addition to device design feasibility and optimization, modeling can provide guidelines for research and development of the material and components owing to the identification of performance bottlenecks and their association to specific components and operational conditions. Device modeling is also able to predict scale-up performance and can help in life cycle assessment and technoeconomic optimization.
The majority of simulation approaches to assess PEC performance and optimization are based on equivalent circuit models; i.e., the semiconductors are modeled by electrical diodes, and the internal electrolyzer is described by a load, which is a series of resistances resulting from the various overpotentials. Rocheleau et al. (50) introduced one of the first PEC engineering studies based on equivalent-circuit models. These types of models are still the standard nowadays and have been used to study the influence and choice of the catalysts or photoabsorber combinations on performance (51) (52) (53) (54) . Nevertheless, these models rely on equivalent circuits, requiring fitted or semiempirical component parameters, and consequently contribute little to a better understanding and design guidance of practical systems. Recently, one-dimensional (55, 56) and two-/threedimensional (28, 29, 57, 58) multiphysics models have been developed that solve for the governing coupled conservation equations in realistic reactor domains, allowing for a better understanding of the transport phenomena in the device and of the interactions between the properties of the components and the design choices of the system. A summary of general design guidelines is given here based on generalized designs modeled in References 28 and 29, in which aspects of kinetics, protecting layers, design and dimensions, separator properties, electrolyte properties, and operational conditions are discussed.
Device dimensions calculated based on the limitations imposed by the overpotential required in the device and the available photopotential showed that PEC devices require dimensions in the range of centimeters for practical devices operating in an electrolyte with equivalent ionic conductivity to 1 M sulfuric acid, operational photocurrent densities of 20 mA/cm 2 , and operational potential of approximately 1.7 V. These limitations come mainly from the ion transport in the electrolyte (28) .
Introduction of a device design with a catalytically separated and protected photoabsorber showed that the transparent, conducting protection layer can significantly increase the system performance, as it allows for the redistribution of the charge toward catalytic locations separated by shorter ionic path lengths. This enhanced performance relied on the conductivity of the layer, the surface roughness, and the kinetics of the catalysts. The latter two were shown to have an equivalent effect. In general, it is important to ensure that the rate of the reaction matches the transport rate of the carrier through the conducting layer to the reaction site and vice versa. The kinetics can also be increased by considering the surface roughness, i.e., the specific surface area. If the conducting protection layer is not catalytically active, the addition of a (photoabsorbing) catalyst on the protection layer is required only at the edges of the photoabsorber, effectively reducing the amount of catalyst and increasing the choice of materials to also include absorbing catalysts (28) .
Efficiency calculations for catalytically separated and protected photoabsorber devices and externally wired PV/electrolyzer devices using DC-DC converters showed that their performance behaves differently during the day. Whereas the catalytically separated and protected photoabsorber device performed lowest during midday in a device limited by overpotential, the performance was highest during midday for a PV/electrolyzer device. And whereas the former device group suffered from higher overpotentials at larger irradiation, the latter device group used an individually optimized electrolyzer in addition to power electronics, allowing it to operate at constant electrolyzer efficiency. Nevertheless, PV/electrolyzer devices operated at much higher current densities, effectively reducing the electrolyzer efficiency and, correspondingly, potentially operating at lower efficiencies than the catalytically separated and protected photoabsorber devices. Additionally, catalytically separated and protected photoabsorber devices can derive benefits to performance at elevated temperatures, as increased temperatures have a beneficial effect on mass transport and chemistry, possibly outweighing negative effects on photoabsorber performance (29) .
PHYSICAL DEMONSTRATIONS OF SOLAR-FUEL DEVICES
The subsections below describe the experimental advances in physical demonstrations of solarhydrogen generators based on the three device groups described above.
Integrated Photo-Electrochemical Devices
PEC devices are those devices in which the irradiation absorption and the electrochemical reactions are constrained to occur at the surface of photoabsorbers. For efficient solar-hydrogen conversion, these devices require the implementation of multiple absorbers that are able to supply enough photovoltage to drive the water-splitting reaction (>1.23 V) (52, 59) . The most widely studied materials for photocatalytic water oxidation are based on TiO 2 (60-64), hematite (α-Fe 2 O 3 ) (61, 65-68), WO 3 (26, 54, 69, 70) , and BVO 4 (36, (71) (72) (73) (74) (75) . This set of oxide materials is capable of operating at moderate current densities (hundreds of μA to a few mA/cm 2 ) and tends to be stable toward photoinduced degradation in aqueous electrolytes. Often, cocatalysts with high activity are deposited in the surface of these photocatalysts to enhance the rates of the reactions. Materials systems that use cocatalysts to partially cover the surface of the semiconductor were also included within the PEC category in this review, as the semiconductor surface would still be partially exposed to the electrolyte and could participate in the electrochemical reactions. Although these systems were considered as PECs, it must be noted that their physics differ from systems based on semiconductors alone. In most systems that use cocatalysts, the charge carriers generated in the photoabsorber are transferred to the catalysts via a semiconductor-metal junction, as opposed to semiconductoronly PEC materials in which charge transfer happens across the semiconductor-liquid junction. Spontaneous solar water-splitting systems have been fabricated using these oxide materials in conjunction with a second absorber. Abdi et al. (36) fabricated devices using gradient doping of BVO 4 to enhance the charge separation in the photoanode and were able to achieve current densities that reached over 4 mA/cm 2 and potentials below 2 V. In these BVO 4 -based devices, the additional photovoltage was generated using a tandem-junction a-Si cell that was not in contact with the electrolyte, and the oxygen evolution catalytic rate was greatly enhanced by the use of CoPi cocatalysts. (54) demonstrated micrometer-sized structured tandem-junction systems (i.e., tandem WO 3 /Si microwires), which can enhance both the light-absorption via trapping mechanisms as well as the catalytic rates via an increase in active surface area. Despite these past efforts to further improve the performance characteristics of these photoanodes, their practical implementation is hindered by their low demonstrated efficiencies, which lie below 5% STH efficiency. 
Figure 3
Examples of solar water-splitting material systems with different degrees of integration. The system reproduced in a corresponds to a tandem cell based on III-V semiconductor materials used as photocatalysts (17) . b shows an integrated system where catalysts are used together with multijunction amorphous silicon cells to drive the water-splitting process (25) . The wired system described in c corresponds to a device that can operate at solar-to-hydrogen efficiencies as high as 12.3% by using perovskite photovoltaic cells together with earth-abundant catalysts (92) .
Protected Photoabsorber Devices
An alternative method to the implementation of the metal oxides described above is to use photoabsorber materials with superior absorption and electronic properties together with electrocatalysts to carry out the water-splitting process. Common materials used for solar water splitting involve high-performant III-V semiconductors and earth-abundant and widely deployed Si-based absorbers (Figure 3a,b) . Early attempts at developing devices based on these materials are characterized by fairly high efficiencies but also fast materials degradation. Khaselev et al. (17, 76) demonstrated cells based on GaInP 2 /GaAs tandem cells with efficiencies exceeding 12% STH efficiencies. In these systems, the water oxidation reaction takes place directly at the surface of the semiconductors at the expense of the degradation of the semiconductor. Si-based systems, in combination with cocatalysts, can lead to devices with modest efficiencies (approaching 10% STH efficiency) (24, 25, 31, 33, (77) (78) (79) . Achieving long-term stability in both Si-based and III-V semiconductor photoelectrodes is crucial for their practical implementation in solar-hydrogenprocessing devices. One approach to enhancing stability and long-term performance is to operate devices at moderate pH regimes under buffered electrolytes (24, 80) where some materials can stably operate (25) . Nocera et al. (25, 31, 51, 53) pioneered the development of Si-based systems that operate stably in buffered solutions for several hours and implemented earth-abundant catalysts that led to up to 4.7% STH efficiencies. Passive systems (where no convection is present) that operate under buffered electrolytes suffer from significant performance degradation as pH gradients form around the electrodes (80, 81) , but careful engineering of the reactor and the use of convective streams can allow systems to operate continuously under these conditions. This can be achieved by the introduction of convection-driven recirculation streams across reaction sites, which can help prevent the formation of undesirable concentration gradients that would otherwise form in passive systems (24) . Concentration boundary layers near the electrode surface are unavoidable but manageable by internal convection in the reactor, in particular for electrolytes at moderate pH in mildly acidic or basic regions (82) . An alternative approach is to develop surface protection coatings that are intrinsically stable under strong acidic or basic electrolytes where local concentration gradients would be small and their effects in the device performance negligible. Such protection layers must (a) efficiently transfer charges from the semiconductor to the catalytic centers, (b) allow light to be absorbed efficiently by the semiconductor, and (c) operate robustly under the electrolyte that they are intended for. Moreover, the device architecture will need to be considered when designing such protective layers (29) . In general, devices inherently perform better if light does not need to travel through the electrolyte before it reaches the semiconductor (83) . Absorption losses in the electrolyte, scattering owing to the bubbles generated at the surfaces, and parasitic absorption losses in the cocatalysts can prevent the photoabsorber from receiving optimal amounts of illumination. In the case that the semiconductor is illuminated directly, or through a transparent support (e.g., glass), the protective coating must also serve as a reflector, in which case a thick metallic coating could serve as a protective layer for the semiconductor, and be able to conduct charges directly to the catalyst. For cases in which the light is irradiated from the electrolyte side, the protective layer must be transparent in the absorption window of the semiconductor. In some instances, it might be advantageous to irradiate light from the semiconductor-liquid interface side so that the minority carriers can be harvested more efficiently. Some recent work has focused on using thin transparent layers of crystalline TiO 2 to protect semiconductor surfaces, which has led to the development of Si-based photocathodes with stability in the order of 100 h (77). Thin layers of TiO 2 are needed owing to the poor charge mobility in this material. Only recently, Hu et al. (84) described a method in which, by using amorphous TiO 2 , thick protective layers can be used, at the same time allowing sufficient hole mobility to support the water oxidation reaction and robustly passivating the semiconductor surfaces. The advances in protective layers for solar-fuel generation are encouraging and are expected to lead to practical demonstration devices where the light-absorber unit is submerged in the electrolyte.
Photovoltaics-Driven Electrolysis Devices
The previous subsections focused on the challenges associated with systems where the electrochemical reactions take place in the same physical location as (or in very close proximity to) the photoabsorption units. As discussed above, this creates significant semiconductor stability challenges because the photoabsorbers must be surrounded by the electrolyte. A simpler alternative that is achievable with currently available devices is to couple photovoltaic components with electrocatalysts in physically separated locations by using current conductors (i.e., wires). These devices can be designed for optimal solar-hydrogen generation based on the output from the PV and the load posed by the electrolysis units (imposed by the electrocatalysts, concentration overpotentials, and ohmic losses in the electrolyte). Such analyses can be used to design optimal reactors in terms of efficiency, cost, and energy requirements (51, 56, 85). These devices pose several advantages with respect to the devices discussed previously: (a) The dimensions of the PV and electrolysis components can be optimized independently; (b) enhanced stability of PV components can be obtained, as they are not in contact with the electrolyte; (c) path lengths for ion diffusion can be shortened between reaction sites, as the semiconductor is not placed in between electrocatalysts; (d ) simple integration of different PV technologies can be achieved, as multiple cells can be connected in series to achieve the desired voltage output; (e) there exists the possibility of incorporating current converters (either DC/DC or AC/DC) to extract the maximum power of the PVs at all irradiation levels; and ( f ) there is the possibility of grid integration, which would allow the sunlight collection to occur where it is most advantageous and the hydrogen production to take place where it is needed, possibly using other energy sources during low irradiation times for hydrogen production. Laboratory-scale demonstrations of these systems have achieved remarkable performances. Systems based on III-V semiconductors have been developed and show efficiencies up to 18% STH using concentrated solar irradiation (19, 35) , whereas systems based on Si PV cells have achieved efficiencies above 10% (86) (87) (88) (89) (90) 91) . More recently, solution-processed perovskite-based PV components together with earth-abundant electrocatalysts have been used to drive the watersplitting reaction at high efficiency levels, up to 12.3% STH (92) (Figure 3c ). Despite the decoupling of the light-absorption and water-splitting components in these systems, integration at the systems level, such as thermal management, could be beneficial and result in improvements in efficiency by cooling the photovoltaics while preheating the water feed to the electrolyzer (35, 49) . PV-electrolysis systems are still the closest to a market alternative for solar-hydrogen production, and pilot-scale projects based on this concept are on their way (93) .
DESIGN GUIDELINES FROM LIFE CYCLE ASSESSMENT AND TECHNOECONOMICS
Although the previous subsections describe in detail the technical and scientific aspects associated with the design of integrated solar-fuel devices, it is also important to consider practical aspects associated with viability for the deployment of this technology. At the heart of these aspects lies life cycle assessment and technoeconomic considerations. At a minimum, solar-fuel devices must harvest more energy than the energy required for their fabrication and device operation. At the same time, practical deployment of solar-fuel devices requires systems to be designed in such a way that fuel production cost is minimized. These energy and cost considerations ought to be critical in the way practical devices are fabricated, as they directly impact the feasibility of the implementation of the technology. Several factors impact the cost of hydrogen production as well as the energy balance of the systems, including materials selection, manufacturing techniques, device and plant design, geographic location, device efficiency, systems lifetime, and properties of the output product. Gaining an understanding of the extent to which each of these factors can affect the system energy balance and hydrogen production cost is critical for developing design rules for practical devices. Only a few experimental attempts have been made to include scale-up considerations for solar-fuels technology at the research and development level (30, 94) , and less than a handful of studies have focused on the technoeconomic (20, 85, 95, 96) H2 and $10.40/kg H2 for concentrated and nonconcentrated systems, respectively (20) . The recent lower price estimations are mostly due to significant cost reduction in semiconductor materials for radiation absorption, but despite the differences, both of these technoeconomic analyses of integrated PEC systems indicate that efficiency is the single most important factor that can help to decrease overall hydrogen production cost. This conclusion arises from the fact that the PEC balance of systems dominates the cost structure, and if their active PEC components are capable of generating larger amounts of product fuel, their cost can be reduced. The technoeconomic analyses referred to above focused on particular geometries and plant designs and the use of integrated PEC units in which the water-splitting reactions are conducted at the surface of the radiation absorber components. Alternatively, the problem of cost-effective PEC solar-hydrogen generation can be treated in a generalized manner, where all the components are allowed to vary in dimensions and composition and their arrangement is optimized to minimize the hydrogen production cost. Recent attempts at such analysis have concluded that further savings are attainable by not confining the dimensions of the water-splitting components from the light absorption ones, which could potentially lead to hydrogen production prices below $3/kg H2 (after accounting for compression, storage, and distribution costs) (85) . The additional cost savings in these systems arise from the geometrical optimization of the devices composed of electrically integrated Si-based PVs and membrane-electrode assembly (MEA) electrolyzers. Optimized devices are estimated to be composed of small electrolysis reactors, while sunlight is collected over PVs spanning large areas (over two orders of magnitude larger). Under this configuration, the radiation absorber component accounts for the great majority of the systems cost (up to 96%), and improvements in efficiency, cell cost, and operation under concentrated sunlight can further help to reduce the cost.
In addition to economic viability of solar-hydrogen devices, the technology must be able to produce more energy over its lifetime than what is required for its manufacturing and operation. LCA of the energy balance of solar-hydrogen devices has only recently been performed for PECbased devices (97) and large-scale (1-GW) hydrogen production plants (99) . It must be noted that significant challenges arise when performing LCA studies of these early-stage technologies, as there are many uncertainties regarding the performance and behavior of materials. These studies indicate that for devices operating at 10% STH efficiencies, after accounting for the infrastructure required in a hydrogen production plant, the energy payback time for the system is estimated at slightly over eight years. They also show that significant gains can be achieved by increasing the efficiency of the devices and their lifetimes, whereas improvements in factors related to the balance of systems have a minor effect on the energy balance of the hydrogen production systems. Although these analyses are based on assumptions made regarding the form factor and general working principles of PEC-based solar-hydrogen-production facilities, they provide important guidelines for design and performance targets.
OUTLOOK AND IMPLEMENTATION ASPECTS FOR PHOTO-ELECTROCHEMICAL SOLAR-HYDROGEN DEVICES
Although solar-fuel technologies have been under development for more than four decades, their implementation is still in its very early stages. For the community to accelerate progress on solarhydrogen generators, a pragmatic and unbiased evaluation of the current device design space and of state-of-the-art device components is needed. Common desirable features of devices, such as the use of earth-abundant components, high efficiencies, and high levels of integration, must be placed in the context of technological viability while keeping in mind various implementation constraints (i.e., production scale, operating conditions, competitive cost levels for hydrogen).
In terms of device design, there are fundamental differences between the three major approaches analyzed in this review, each exhibiting a different level of integration: PEC, protected photoabsorber, and PV/electrolysis devices. Table 1 summarizes some of the advantages and challenges that each of these approaches pose regarding their practical implementation. Note that currently there are no PEC material systems that can reach practical performance levels. Catalytically separated and protected photoabsorber devices based on silicon absorbers could potentially be deployed (24, 25, 31, 33) , although recent attempts have failed to commercialize the technology (100). PV/electrolysis systems based on Si PVs and state-of-the-art electrolyzers are certainly the closest to a market solution for solar-hydrogen generation. The dramatic decrease of prices of PV in the past decade (101, 102) and advances in electrolysis systems show the potential for these technologies to finally be deployed. One of the main advantages that PV/electrolysis devices present is their modularity and flexibility in terms of systems design and implementation. PV/electrolysis devices need not have components of equal dimensions; rather, their dimensions can be optimized to obtain the optimal costs for hydrogen production. Furthermore, the implementation of current invertors and integration into the grid allows the radiation absorption and hydrogen generation units to operate in physically distant places (such that the radiation absorption occurs in areas with large solar irradiation and hydrogen production close to hydrogen fueling stations). The grid integration and distributed operation of solar-hydrogen systems can also bring significant advantages, as hydrogen transportation costs can be minimized, electrolyzers can operate with electricity from mixed sources even when there is no sunlight, and arbitrage gains in the electricity market can be exploited if the hydrogen is used to generate electricity with fuel cells. All these advantages suggest that efficiently operating PV/electrolysis devices could allow the deployment of solar-hydrogen devices in the near term. Competitive PEC or catalytically separated and protected photoabsorber devices will need at the very least to be manufactured using materials (including the balance of systems) with intrinsically lower costs than current Si PV technologies. Extracting charges to directly perform the water-splitting reactions will also need to be more efficient than extracting the charges in the form of electricity and using them in stand-alone electrolyzers. These two conditions will need to be satisfied even if the materials systems are to be operated inside electrolytes, as required by the device designs. This review does not evaluate other promising alternatives, such as particle or molecular-based solar-hydrogen systems, which promise to bring significant cost advantages, but are in much earlier stages of development (20) .
As noted in Table 1 , the three different approaches have different advantages and challenges. In the case of PEC devices, materials with high efficiencies, high stability, and low cost do not exist currently, and this represents the most important challenge for those devices. In the case of protected photoabsorber devices, significant progress has been made in the development of robust materials that can withstand electrochemical processes under electrolytes, and long-term stability of protected radiation absorbers in continuously operating devices is likely to be achieved in the near future. Large efforts to discover material systems with appropriate properties can result in new sets of practical and deployable components that can be incorporated into practical devices. Combinatorial approaches to identify promising materials as both photoabsorbers and electrocatalysts have already started to show some promising directions for materials development (103) (104) (105) (106) . Transport challenges identified for the three device configurations referred to above can be tackled mostly by device design. As PEC and protected photoabsorber devices would face longer path lengths for ions to migrate between reaction sites, the design of their architecture and dimensions is critical for good device performance. In the case of these devices, micrometer-sized structured architectures would be preferred to reduce ionic transport losses. Several approaches have been proposed to overcome the transport limitations, including microwires-based systems (54, 78, (107) (108) (109) (110) (Figure 4a) , microfluidic systems (111, 112) (Figure 4b) , and devices where photocatalytic particles are incorporated in MEAs as part of the catalyst layer (113, 114) . Issues regarding multiphase phenomena are often overlooked in the community but can be central to obtaining devices that function efficiently in a continuous fashion. Bubble formation at the surface of reaction sites can affect device performance by reducing the active area for catalysis and, in the case of PECs or protected photoabsorber devices, can also affect the radiation absorption at the semiconductor owing to scattering at the gas-liquid interface. One novel approach to avoid the formation of bubbles involves the operation of devices with water vapor. In this way, all of the electrochemical processes can be carried out in a solid electrolyte, and both water inputs and gas outputs are confined to the vapor phase. 
Figure 4
New concepts for integrated solar-hydrogen generators. (a) A membrane-embedded photocatalytic microwire array (107) . These systems could benefit from light trapping within the microwire structures while allowing ion transport through the membrane and keeping the evolved gases separated. Microfluidic systems such as the ones described in b can take advantage of short path lengths for ion transport and easy incorporation of components via standard microfabrication techniques. The complex system described in c shows several approaches that can be used to improve solar-hydrogen generators: a self-tracking solar concentrator that can be used to reduce materials utilization and improve efficiency (119) , heat management schemes that can be implemented to reuse heat to prepare the water feed prior to electrolysis (123) , and water-splitting systems using water vapor as the feed (image courtesy of Volker Zagolla, SHINE project, EPFL). Abbreviation: PEC: photo-electrochemical.
These devices are in the early stage of development, but guidelines for their fabrications have been drawn from modeling studies (58, 115) , and experimental operation of MEA electrolyzers on the vapor phase has been demonstrated (116) . Also, proper thermal management in devices can allow systems to operate continuously at higher levels of efficiency. These thermal management schemes can be effectively harnessed in catalytically separated and protected photoabsorber devices, where the excess heat from the light-absorption process can be used to enhance the rate of the catalytic processes (29, 117) . Lastly, radiation management techniques can potentially be used to enhance the radiation absorption in the semiconductor material and increase the STH efficiency (118) (119) (120) (121) (122) . These techniques can reduce the use of materials by concentrating the light into the photoactive units of devices, which could result in cost savings for device fabrication. A graphic description of a device design that takes advantage of both light and heat management is presented in Figure 4c . The demonstration and deployment of practical, efficient, stable, sustainable, and inexpensive PEC solar-hydrogen generators relies on investigations of complete PEC device designs, establishment of modeling-based design guidelines, and assessment of LCA and technoeconomics. Focusing the research efforts on single-material development that overlooks the interactions of components in a complete working design risks delaying the implementation of the technology. Shifting the focus toward the implementation and fabrication of integrated PEC solar-hydrogen devices could accelerate the conception of practical solutions for the current pressing energy and environmental needs of society.
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